We aimed to analyze characteristics of encephalopathy after both hematopoietic stem cell and solid organ pediatric transplantation. We retrospectively reviewed medical records of 662 pediatric transplant recipients (201 with liver transplantation [LT], 55 with heart transplantation [HT], and 67 with kidney transplantation [KT], 339 with allogeneic hematopoietic stem cell transplantation [HSCT]) who received their graft organs at Asan Medical Center between January 2000 and July 2014. Of the 662 patients, 50 (7.6%) experienced encephalopathy after transplantation. The incidence of encephalopathy was significantly different according to the type of organ transplant: LT, 16/201 (8.0%), HT, 13/55 (23.6%), KT, 5/67 (7.5%), and HSCT, 16/339 (4.7%) (P < 0.001). Drug-induced encephalopathy (n = 14) was the most common encephalopathy for all transplant types, but particularly after HSCT. Hypertensive encephalopathy was the most common after KT and HT, whereas metabolic encephalopathy was the most common after LT. The median time to encephalopathy onset also differed according to the transplant type: 5 days after KT (range 0-491 days), 10 days after HT (1-296 days), 49.5 days after HSCT (9-1,405 days), and 39 days after LT (1-1,092 days) (P = 0.018). The mortality rate among patients with encephalopathy was 42.0% (n = 21/50). Only 5 patients died of neurologic complications. Transplant-associated encephalopathy presented different characteristics according to the type of transplant. Specialized diagnostic approach for neurologic complications specific to the type of transplant may improve survival and quality of life in children after transplantation.
INTRODUCTION
Solid organ and hematopoietic stem cell transplantation (HSCT) have been performed increasingly as a therapeutic modality for end-stage organ failure, a variety of hematologic disorders, and non-malignancy disease. Solid organ transplants performed in the United States in 2015 exceeded 30,000 and continued to increase (1) . Although remarkable advances in transplantation medicine improved the outcomes of allogeneic graft recipients, neurologic complications are still common with variety incidence ranging from 7% to 77% of allograft recipients after HSCT and solid organ transplantation (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . One of the most deleterious neurologic complications is transplant-associated encephalopathy, which has various etiologies, including the underlying disorder motivating the transplant, immunosuppressant neurotoxicity, metabolic derangement, central nervous system (CNS) infection, and stroke (9, (12) (13) (14) (15) . As the surgical procedure, intensity of immunosuppression, infection prophylaxis regimen, underlying neurologic symptoms, and recipient's age vary according to the type of transplant, the presentation of the encephalopathy may differ according to the specific type of organs transplanted.
To help shape neurological care in pediatric transplantation, we investigated the overall incidence, etiologies and clinical course of encephalopathy after allogeneic HSCT and solid organ transplantation in pediatric patients from a single tertiary center in Korea. In addition, we dissected the differences among the transplant types to identify the best peritransplant care approach after transplantation from a neurological perspective.
MATERIALS AND METHODS
We retrospectively reviewed the medical records of all patients younger than 18 years at the time of transplantation who received a transplant, including allogeneic hematopoietic stem cell, kidney, heart, and liver transplantation (LT), between January 2000 and July 2014 at Asan Medical Center Children's Hospital, a single tertiary center in Korea. Before identifying patients with encephalopathy after transplantation, we excluded patients who underwent autologous HSCT or 2 or more organ transplants at ORIGINAL ARTICLE Pediatrics https://doi.org/10.3346/jkms.2017.32.3.457 the same time. Encephalopathy was defined as any altered level of consciousness or newly developed brain dysfunction, such as seizures, tremors, visual problems, or personality changes, after transplantation that was not caused by sedative medication. We intended to exclude neurologic deterioration not directly associated with transplantation procedures, preexisting CNS manifestations associated with CNS involvement of underlying disease, such as leukemic or lymphohistiocytosis infiltration into the CNS and hepatic encephalopathy persistent after transplantation, was excluded from the study. The following data were collected from the medical records: patient characteristics, underlying disease, preoperative neurologic symptoms, the etiologies of encephalopathy, encephalopathy onset time, clinical course, and survival after transplantation. Neurological examinations, neuroimaging, laboratory studies (blood count, coagulation profile, electrolyte, chemistry, serum trough level of immunosuppressants, cerebrospinal fluid analysis, microbiological studies), and electroencephalography findings at the time of events were also reviewed by 2 pediatric neurologists (LYJ, YMS). The etiology of the encephalopathy was determined by reviewing clinical history and symptoms and microbiological, electrophysiological, and radiological characteristics. Encephalopathies were categorized into 6 groups: drug-induced, hypertensive, anoxic, metabolic, CNS infection-associated, and unknown etiology. Drug-induced encephalopathy was defined as an acute encephalopathy temporally related to the administration of any drugs, such as immunosuppressant, chemotherapeutic, and antibiologic agents, that resolved after withdrawal of the drug and based on exclusion of other causes. Identification of immunosuppressant related encephalopathy was supported in case of high serum trough level of immunosuppressant (e.g., tacrolimus > 15 ng/mL or cyclosporine > 400 ng/mL) at that time of neurologic complications without any other causes. Hypertensive encephalopathy was defined as encephalopathy in the presence of pronounced hypertension. When encephalopathy is caused by hypertension secondary to immunosuppressant, the patient is defined as drug-induced encephalopathy. Anoxic encephalopathy was defined as acute symptoms of cerebral perfusion reduction, including ischemic stroke or intracranial hemorrhage (ICH). Metabolic encephalopathy was defined as encephalopathy that developed with the occurrence of renal failure, liver failure, or electrolyte and glucose imbalance. CNS infection-associated encephalopathy was diagnosed by positive identification of a pathogen from the cerebrospinal fluid, blood, or tissue pathology and/or a cerebrospinal fluid finding compatible with infection. Posterior reversible encephalopathy syndrome (PRES) was defined as an independent clinicoradiological entity involving a posterior lesion in the cerebral hemisphere and characterized by altered consciousness, cortical blindness, and/or convulsion (16) .
Statistical analysis
Group differences according to the transplanted organ were assessed by the χ 2 test or Fisher's exact test for categorical variables and the Kruskal-Wallis test for continuous variables, followed by post hoc testing. All tests of significance were 2-sided, with a significance level of P < 0.05. For multiple comparisons, the significance level was corrected for the number of comparisons by the Bonferroni method (Bonferroni-adjusted P < 0.008). All statistical analyses were performed using SPSS version 18.0 (SPSS Inc., Chicago, IL, USA).
Ethics statement
The present study protocol was reviewed and approved by the Institutional Review Board of Asan Medical Center (Registry No. 20150724). Informed consent was waived by the board.
RESULTS

Patient characteristics and incidence of encephalopathy
From January 2000 through July 2014, 662 pediatric patients underwent organ transplantation at Asan Medical Center Children's Hospital: LT in 201 patients, kidney transplantation (KT) in 67, heart transplantation (HT) in 55, and allogeneic HSCT in 339. Of the 662 patients, 50 (7.6%) developed encephalopathy after transplantation at a mean ± standard deviation follow-up of 53.1 ± 46.6 months: 16 of 201 LT recipients (8.0%), 13 of 55 HT recipients (23.6%), 5 of 67 KT recipients (7.5%), and 16 of 339 allogeneic HSCT recipients (4.7%) (Fig. 1) . The incidence of encephalopathy was significantly different according to the type of organ transplant (P < 0.001). We compared the characteristics of the patients with encephalopathy according to the type of transplant (Table 1 ). The median age at the time of transplantation (P < 0.001) and presence of preoperative neurologic symptoms (P = 0.002) differed according to the encephalopathy group. LT patients (n = 8, 50.0%) were the most likely to show preopera- tive neurologic symptoms, followed by HT patients (n = 4, 28.6%). The median encephalopathy onset time was significantly different according to the transplanted organ (P = 0.018). Encephalopathy tended to occur in the early postoperative period after KT and HT, whereas it occurred in the late postoperative period after allogeneic HSCT and LT. The encephalopathy onset time was significantly different between HSCT and HT patients (P = 0.002).
Etiology of encephalopathy
In all 50 patients with encephalopathy, the most common etiology was drug-induced encephalopathy (n = 14, 28.0%) (Fig. 2) . The distribution of etiologies was significantly different according to the type of transplant (P < 0.001). Post hoc analysis indicated that the distribution of etiologies was significantly different in HSCT, HT, and KT from LT. The most prevalent etiology of encephalopathy differed according to the type of transplant:
metabolic encephalopathy in LT (n = 8), hypertensive encephalopathy in KT (n = 4) and HT (n = 6), and drug-induced en- cephalopathy in allogeneic HSCT (n = 7).
Organ-specific encephalopathy
Liver transplantation
Sixteen patients developed encephalopathy after LT at a median follow-up of 36.4 months (range 1-116 months) after the transplantation ( Table 2 ). The most common etiology was metabolic encephalopathy (n = 8), followed by drug-induced encephalopathy (n = 4). Of the 8 patients with metabolic encephalopathy, 7 had hepatic encephalopathy, 5 of whom died because of graft failure. All 4 patients with drug-induced encephalopathy presented with a toxic serum concentration of immunosuppressant and elevated blood pressure. One patient (patient 10), who had citrullinemia, Epstein-Barr virus (EBV)-associated post-transplant lymphoproliferative disorder (PTLD) and coagulopathy developed ICH around 3 years after transplantation and died of brain herniation.
Heart transplantation
Thirteen patients (7 males) were identified as having encephalopathy at a median follow-up of 52.7 months (range 1-137 months) after transplantation ( Table 3) . The most common encephalopathy in HT patients was hypertensive encephalopathy (n = 6), followed by anoxic encephalopathy (n = 3) and drug-induced encephalopathy (n = 3). Cardiopulmonary resuscitation events occurred in 4 patients (3 in hypertension encephalopathy, 1 in anoxic encephalopathy) and extracorporeal membrane oxygenation (ECMO) insertion in 1 patient with anoxic encephalopathy before neurologic symptom onset. Except for 1 patient with ICH, the 12 other encephalopathic events developed within 2 months after transplantation. In particular, 5 cases of hypertensive encephalopathy and 2 cases of ischemic encephalopathy occurred within 2 weeks after transplantation. Three patients with hypertension (patient 2, 7, and 9) were diagnosed with PRES and 2 of them (patient 7 and 9) also had calcineurin inhibitor neurotoxicity. One patient, who was taking anticoagu- HT = heart transplantation, NC = neurologic complication, CPR = cardiopulmonary resuscitation, ECMO = extracorporeal membrane oxygenation, MRI = magnetic resonance imaging, CT = computed tomography, DCMP = dilated cardiomyopathy, HTN = hypertensive, BP = blood pressure, SDH = subdural hemorrhage, HF = heart failure, HCMP = hypertrophic cardiomyopathy, CsA = cyclosporine, PRES = posterior reversible encephalopathy syndrome, N = no abnormality, FK506 = tacrolimus, RCMP = restrictive cardiomyopathy, HSI = high signal intensity, ICH = intracranial hemorrhage. lant medication after surgical repair of an aortic aneurysm, developed abnormal coagulation function resulting in ICH and died of ICH.
Kidney transplantation
Five patients developed encephalopathy after KT (Table 4) . Hypertensive encephalopathy developed in 4 patients within 7 days after transplantation. Neuroimaging revealed typical white matter lesionson the occipital lobe that were consistent with PRES in 2 patients with hypertensive encephalopathy (patient 2 and 4). One patient (patient 5) presented with mental change, seizure, headache, and fever and was diagnosed with EBV encephalitis 1 year after transplantation and finally with CNS PTLD.
Hematopoietic stem cell transplantation
Encephalopathy occurred in 16 patients (9 males) at a median follow-up of 37.1 months (range 0.3-129.1 months) after allogeneic HSCT (Table 5) . Except for 1 patient with a full-matched related donor transplant, 15 patients underwent HSCT from anunrelated donor. The most common etiology was drug-induced encephalopathy (n = 7), followed by anoxic encephalopathy (n = 4). Three patients with calcineurin inhibitor neurotoxicity (patient 2, 5, and 6) presented coexisting hypertension during neurologic symptoms and 2 of them (patient 2 and 6) were diagnosed with PRES and recovered without any residual neurologic deficit. One patient who had chronic lung graft versus host disease (GVHD) (patient 8) presented with anoxic encephalopathy after cardiopulmonary resuscitation and application of ECMO due to respiratory failure. Two patients were diagnosed with CNS infection and one of them was confirmed as having aspergillosis. Two patients with ICH had thrombocytopenia, and in one of them, CNS infection developed before hemorrhage. Two with ICH and one with meningoencephalitis died because of their neurologic symptom.
Outcome of encephalopathy
Of the 50 patients with encephalopathy, 21 (42.0%) died. The mortality rate was 62.5% in allogeneic HSCT patients (n = 10), 43.8% in LT patients (n = 7), 30.8% in HT patients (n = 4) and 0.0% in KT patients (P = 0.070, between 4 groups). Five patients died of neurologic complications, including ICH (2 in the allogeneic HSCT group, 1 in the HT, 1 in the LT) and meningoencephalitis (1 in the allogeneic HSCT group). All patients with ICH presented coagulopathy, or thrombocytopenia and one had coexisting CNS infection at that time of neurologic symptom. The remaining 16 patients died of other transplant-related causes; graft failure, multi-organ failure, septic shock, pulmonary hemorrhage, and gastrointestinal bleeding. Of the 29 surviving patients, there were residual neurologic symptoms in 7 patients (24.1%) after transplantation. Residual neurologic deficits included epilepsy, quadriparesis, dysphagia, and cognitive impairment. All 7 patients with PRES completely recovered from their neurologic symptoms, except for 1 who hadepilepsy before HT.
DISCUSSION
This is the first study to compare the characteristics of encephalopathy according to the type of organ transplant from a neurological perspective. In this study, transplant-associated encephalopathy was common after pediatric solid organ transplantations and allogeneic HSCTs. Previous studies (2-12) reported an estimated incidence of transplant-related neurologic complications that ranged from 7% to 77% according to the type of organ studied and the population. As we disregarded other neurological problems, we cannot directly compare the incidence of encephalopathy with previous studies reporting the overall incidence of neurologic complications. We also showed that the incidence, etiologies and characteristics of encephalopathy differ according to the type of organ transplant. In our study population, the incidence of transplantrelated encephalopathy was highest for HT (13/55, 23.6%), followed by LT (16/201, 8.0%), KT (5/67, 7.5%), and allogeneic HS-CT (16/339, 4.7%). Highest incidence of encephalopathy in HT is probably due to multi-factorial risk factors during pre-and post-transplant period. As previous reports, cardiac arrest, prolonged cardiopulmonary bypass, use of anticoagulants, complications of cardiac catheterization, microemboli during intraoperative period, and hemodynamic instability during peritransplant period may lead the HT recipients to be vulnerable to neurologic complications (11, 17, 18) . Furthermore, long-standing cerebral hypoperfusion caused by underlying heart disease can increase an intrinsic risk for neurologic complications such as anoxic and hypertensive encephalopathy (19) (20) (21) (22) (23) . In other organ transplantations, previous reports suggested that patients with preexisting neurologic impairment caused by chronic organ failure have predisposing factors that lead to neurologic complications after transplantation (5, (24) (25) (26) . In an analysis of 101 LT recipients, preoperative hepatic encephalopathy was suggested to be the strongest predictive factor associated with neurologic complications (25) . In another analysis of brain magnetic resonance imaging of KT and LT recipients, various neuroradiological findings, including brain atrophy, venous thrombosis, white matter change, and ICH, were seen to be secondary to chronic liver disease and end stage renal disease (24) . Preexisting neurologic impairment due to chemotherapy and radiation induced neurotoxicity, opportunistic infections, or ICH before transplantation were also prevalent in HSCT candidates (27, 28) . In our study, the prevalence of pre-transplantation neurologic symptoms was significantly different according to the type of organ transplant, with symptoms most commonly seen in LT recipients (3 hepatic encephalopathy, 5 epilepsy, 1 ICH), followed by HT recipients (2 ischemic stroke, 1 delirium, 1 epilepsy). This high prevalence of preexisting neurological problems in HT and LT can be the another cause of the higher incidence of post-transplant neurological complications.
Our results showed that the attributable etiologies of encephalopathy were significantly different according to the type of organ transplant. The incidence of hypertensive encephalopathy was particularly high in KT (4/5, 80.0%) and HT (6/13, 46.2%) recipients, similar to previous studies (3, 11, 15) . Both calcineurin inhibitor and hemodynamic instability have been reported to be decisive factors for hypertensive encephalopathy in KT and HT (3, 11) . We defined the patients with hypertensive encephalopathy secondary to immunosuppressant neurotoxicity as drug related encephalopathy and most cases of calcineurin inhibitor neurotoxicity were related to hypertension (4 in LT, 2 in HT, 6 in HSCT) showing the close relation between the calcineurin inhibitor usage and hypertension. In HT, the restoration of perfusion pressure in previously hypoperfused brain after increasing cardiac output with impaired cerebral autoregulation are reported to be the cause of the hypertensive encephalopathy after HT (20) (21) (22) 29) . In KT, post-transplant hypertension within 1 months after transplantation was reported with high incidence of 70%-86% in recipients (30, 31) and caused by more complicated factors including immunosuppressant usage, graft renal artery stenosis, sequalae of antibody-mediated rejection, allograft dysfunction, and genetic factors (32) . Thus, we suggest that early control of hemodynamic instability, particularly in KT and HT, and careful use of calcineurin inhibitor in all types of organ transplant to prevent hypertensive encephalopathy.
The high incidence of the metabolic encephalopathy in LT can be explained by the frequent hepatic encephalopathy of primary liver failure caused by delayed stabilization of graft function or graft rejection. In the LT patients of our study, 7 of the 8 patients with metabolic encephalopathy developed hepatic encephalopathy due to graft failure.
In allogenic HSCT recipients with encephalopathy, the most common etiology was drug-related encephalopathy, which included calcineurin inhibitor neurotoxicity in 6 patients. Similarly, calcineurin inhibitor neurotoxicity has been reported as the most common etiology of neurologic complications after HSCT (4, 6, 33) . In allogenic HSCT, severe GHVD and an unrelated or mismatched donor type have been suggested to be risk factors for neurologic complications of HSCT (6, 33, 34) . These factors may be in part attributable to aggressive immunothera-peutic treatment of GVHD, which may lead to a higher risk of drug-induced neurotoxicity (14) . Moreover, opportunistic CNS infection occurred more frequently in patients with severe GVHD, which was related to chronic immunosuppression (35) . Although we could not analyze the risk of encephalopathy in patients with GVHD, 10 of the 16 allogenic HSCT patients with encephalopathy suffered from grade III or higher GVHD in our study.
Interestingly, we also found that the encephalopathy onset time was significantly different according to the type of transplanted organ (P = 0.018). Encephalopathy occurred earlier in HT recipients than in HSCT recipients (median 10 days vs. 49.5 days, P = 0.002). The different etiological distribution of encephalopathy in patients with different transplant types could explain this result. Hypertensive encephalopathy, the most common etiology of HT, mainly occurred in the acute period because of hemodynamic instability. In contrast, encephalopathy in HSCT recipients tended to develop in the later period of transplantation due to engraftment failure, chronic GHVD, and other treatment related morbidities.
The mortality rate of patients with encephalopathy was not significantly different according to the type of transplant. However, it is notable that all the patients with KT associated encephalopathy survived. The high prevalence of hypertensive encephalopathy without devastating neurologic complications such as ICH may be the major factor for this high survival rate in KT. The relatively higher mortality rate in HSCT and LT were associated with other transplant-related morbidity including multiorgan failure, graft failure, and septic shock. Further study with larger cohort to compare the predisposing factors of mortality in each type of transplant will be needed.
In our study, the major neurological cause of death was ICH. ICH is a well-known cause of morbidity and mortality in all types of transplant recipients. It is seen in 1.0% to 7.0% of LT recipients and 0.6% to 5.0% of HSCTs due to coagulopathy, thrombocytopenia, and coexisting CNS infection (14, 36) . Disseminated intravascular coagulopathy, anticoagulation therapy, prolonged extracorporeal circulation, and hyperperfusion due to improved cardiac output have been implicated in intracranial bleeding in HT recipients (11, 37) . One study reported that ICH was comparatively rare and responsible for only 1.0% of the deaths after KT (38) . This study can explain the higher survival in KT recipients.
The present study had a number of limitations, including a retrospective study carried out in single-center setting and possibility of underestimation of minor neurologic complications in the immediate postoperative period. Yet, this study can be an important guidance on the consultation about the transplantation-related CNS morbidity for the pediatric neurologists.
Transplant-associated encephalopathy in pediatric patients had different characteristics in incidence, etiology, and clinical course according to the type of transplant. Hypertensive encephalopathy was prevalent in acute post-transplant period of HT and KT, and metabolic encephalopathy in LT. All transplant recipients including HSCT recipients must be carefully monitored to prevent drug associated encephalopathy. To the best of our knowledge, the present study is the first to assess the clinical features of encephalopathy according to the type of transplant. Although little evidence is available to correlate perioperative parameters with the definite etiology of encephalopathy, our results indicate that diagnostic approach of neurologic complications should be optimized for each type of transplant.
